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Abstract:		
Loggerhead	sea	turtles	(Caretta	caretta)	complete	extensive,	open-ocean	migrations	
around	the	North	Atlantic	subtropical	gyre	current	system	over	the	course	of	many	years.	
Evidence	suggests	that	magnetoreception,	or	the	ability	to	detect	the	Earth’s	magnetic	field,	
plays	a	role	in	their	ability	to	navigate	large,	open	areas	lacking	obvious	cues.	One	possibility	is	
that	sea	turtles	use	geographically	predictable	differences	in	the	Earth’s	magnetic	field	in	order	
to	guide	themselves.	In	order	to	exploit	these	geographical	differences,	turtles	must	be	able	to	
monitor	changes	in	the	ambient	magnetic	field.	Two	experimental	methods	were	used	to	assess	
how	juvenile	sea	turtles	react	to	a	changing	magnetic	field.	The	first,	an	orientation	experiment,	
was	designed	to	test	whether	juvenile	loggerhead	sea	turtles	can	detect	and	respond	to	
changes	in	the	inclination	(angle	at	which	the	field	intersects	the	Earth’s	surface)	and	intensity	
(strength	of	the	field)	in	a	simulated	environment.	The	second,	an	activity	experiment,	was	
performed	to	develop	a	laboratory-based	behavioral	assay	to	quantify	changes	in	the	activity	
level	of	juvenile	sea	turtles	when	exposed	to	a	rapidly-changing	magnetic	field.	This	information	
could	be	valuable	to	future	studies	addressing	the	mechanisms	underlying	magnetoreception	in	
migratory	animals.	In	both	experiments,	a	similar	approach	was	taken	in	which	juvenile	turtles	
were	placed	into	an	aquatic	arena	with	a	changing	magnetic	field.	For	the	orientation	
investigation,	the	field	changed	in	accordance	with	the	turtle’s	own	movement	and	an	
orientation	vector	was	calculated.	For	the	activity	investigation,	the	field	changed	in	a	
predetermined	manner	and	activity	was	quantified	by	comparing	the	number	of	flipper	strokes	
in	the	absence	or	presence	of	the	change.	Orientation	trial	results	were	inconclusive	in	that	
animals	did	not	respond	to	the	applied	magnetic	fields,	unlike	the	animals	in	previous	
experiments.	Activity	trials	failed	to	demonstrate	that	turtles	have	an	activity	response	to	a	
changing	magnetic	field.	Further	research	into	how	juvenile	loggerhead	sea	turtles	respond	to	
changes	in	a	magnetic	field	are	needed,	including	studies	that	examine	how	responses	vary	
with	age,	nest	location,	and	how	their	behavior	compares	with	that	of	other	species.	Results	of	
this	and	similar	studies	could	help	inform	future	conservation	efforts	for	similar	vulnerable,	
migratory	species.	
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Introduction:	
Loggerhead	sea	turtles	(Caretta	caretta)	that	hatch	on	the	eastern	coast	of	the	United	
States	complete	extraordinary	migrations	around	the	massive	ocean	current	system	known	as	
the	North	Atlantic	subtropical	gyre	(Fig.	1)	(Godley	et	al.,	2008;	Kenneth	J.	Lohmann,	Putman,	&	
Lohmann,	2012).	The	Gyre	current	flows	from	the	eastern	United	States	coast,	across	to	the	
western	European	coast,	down	the	coast	of	Africa,	across	to	the	Caribbean,	and	back	up	the	
United	States	coast.	Individuals	spend	several	years	within	the	gyre	system	before	returning	to	
the	eastern	coastal	waters	of	North	America	as	juveniles	(Avens	et	al.,	2003).	As	adults,	the	
turtles	migrate	between	open-ocean	feeding	sites	and	nesting	beaches,	which	are	often	the	
same,	natal	beaches	from	which	they	themselves	hatched	(Avens	et	al.,	2003;	Carr,	1987;	
Godley	et	al.,	2008;	Kenneth	J.	Lohmann	&	Lohmann,	1996).	
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Figure	1.	This	image	shows	the	North	Atlantic	Subtropical	Gyre	current	predicted	magnetic	field	isolines	where	the	
magnetic	field	inclination	angle	is	constant.	The	North	Atlantic	subtropical	gyre	current	flows	from	the	eastern	
United	States	coast,	across	to	the	western	European	coast,	down	the	coast	of	Africa,	across	to	the	Caribbean,	and	
back	up	the	United	States	coast	system	and,	as	represented	by	the	blue	arrows.	The	magnetic	field	variations	are	
represented	by	the	red,	dashed	lines.	Taken	from	the	Lohmann	Lab	website	at	
(http://www.unc.edu/depts/oceanweb/turtles/).	
	
Out	in	the	open	ocean,	there	is	little	guidance	in	terms	of	environmental	cues	(visual,	
olfactory,	or	auditory)	to	help	turtles	orient	themselves.	Yet,	an	ability	to	navigate	in	the	open	
ocean	is	vital.	If	turtles	veer	off	course	too	far,	they	could	enter	colder	water	currents	and	
perish	(Godley	et	al.,	2008;	Mansfield,	Wyneken,	Porter,	&	Luo,	2014).	Considerable	evidence	
suggests	that	loggerhead	sea	turtles	use	Earth’s	magnetic	field,	which	varies	geographically,	to	
navigate	(Fuxjager,	Eastwood,	&	Lohmann,	2011;	Johnsen	&	Lohmann,	2005;	K.	Lohmann	&	
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Lohmann,	1996;	K	J	Lohmann	&	Lohmann,	1998;	Kenneth	J.	Lohmann	&	Lohmann,	1994,	1996;	
Kenneth	J	Lohmann,	1991).	The	field	varies	in	a	predictable	way	(Fig.	1).	At	each	location	on	
Earth,	the	magnetic	field	has	two	specific	properties:	inclination	and	intensity.	The	inclination	
angle	is	the	angle	at	which	magnetic	field	lines	intersect	the	Earth’s	surface	and	the	intensity	is	
the	strength	of	the	field	(Kenneth	J.	Lohmann	&	Lohmann,	1994,	1996).	Organisms	capable	of	
distinguishing	both	the	inclination	and	intensity	of	the	field	can	potentially	determine	their	
approximate	global	position	using	this	information,	and	magnetoreception,	or	an	animal’s	
ability	to	detect	and	respond	to	magnetic	fields,	is	a	well-supported	phenomenon	(Avens	et	al.,	
2003;	Johnsen	&	Lohmann,	2005;	K.	Lohmann	&	Lohmann,	1996;	K	J	Lohmann,	Cain,	Dodge,	&	
Lohmann,	2001;	K	J	Lohmann	&	Lohmann,	1998;	Kenneth	J.	Lohmann	&	Lohmann,	1994,	1996;	
Kenneth	J	Lohmann,	1991).	However,	the	precise	mechanism	by	which	organisms	detect	the	
geomagnetic	field	is	still	a	topic	of	much	debate	(Godley	et	al.,	2008).	
This	research	used	a	computer-controlled	electromagnetic	coil	system	to	generate	the	
magnetic	fields	that	turtles	naturally	encounter	within	the	gyre.	As	the	turtle	swims,	the	
magnetic	field	changes	to	simulate	the	fields	the	turtle	would	encounter	if	it	were	swimming	
the	same	direction	in	the	wild.	Thus,	the	turtle	swims	in	a	virtual	reality	environment	designed	
to	mimic	its	migratory	environment.	
One	focus	of	this	research	was	to	determine	if	young	turtles	will	display	their	migratory	
route	in	this	type	of	simulated,	virtual	environment.	Turtles	were	exposed	to	magnetic	fields	
from	three	different	locations	within	the	Gyre	and	their	orientation	was	measured	to	determine	
what	direction	they	attempted	to	travel	from	those	various	locations.	This	could	shed	light	on	
exactly	what	juvenile	sea	turtles	do	during	their	formative	years	in	the	gyre.	
A	second	focus	was	to	develop	a	behavioral	assay	to	quickly	and	reliably	quantify	
magnetic	field	response	under	laboratory	conditions.	Such	an	assay	would	enable	further	
research	into	how	organisms	respond	to	a	changing	magnetic	field.	The	turtles	in	this	study	
were	exposed	to	rapidly	changing	magnetic	fields	and	their	activity	before	and	after	the	change	
was	examined	and	quantified	by	counting	flipper	strokes.	This	could	provide	a	measurement	
that	could	be	used	to	determine	if	an	organism	is	detecting	changes	in	the	magnetic	field.	
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Materials	and	Methods:		
Animals:	For	both	experiments,	juvenile	loggerhead	sea	turtles	(Fig.	2)	were	collected	from	Bald	
Head	Island,	North	Carolina,	during	the	2015	(from	early	August	to	mid-September)	hatching	
season	as	they	emerged	from	shallow,	underground	nests.	All	turtles	were	transported	within	
72	hours	to	the	Lohmann	Lab	DLAM	facility	at	the	University	of	North	Carolina	at	Chapel	Hill,	
where	they	were	housed	in	identical	tanks	and	handled	according	to	IACUC	protocol.	
Experiments	began	in	September,	2015,	and	continued	through	March,	2016.	
	
	
Figure	2.	This	photograph	shows	one	of	the	juvenile	turtles	in	its	individual	tank	in	the	Lohmann	Lab	DLAM	facility.	
	
	
Orientation	Experiment:	
Set-Up:	The	aquatic	arena	and	coil	system	used	to	create	the	virtual	reality	in	the	experiments	
consisted	of	a	fiberglass	tank	filled	with	salt	water	that	acted	as	the	experimental	environment	
(Fig.	3)	and	were	similar	to	previous	experimental	setups	(Fuxjager	et	al.,	2011;	Kenneth	J	
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Lohmann,	1991).	The	tank	had	blue	LED	lights	surrounding	the	rim	(not	pictured)	in	order	to	
negate	any	external	light	bias.	To	further	eliminate	bias,	blackout	curtains	surrounded	the	
entire	electromagnetic	arena	(not	pictured).	The	turtle	was	tethered	in	a	small,	nylon-Lycra	
harness	and	attached	to	a	lever	arm	via	fishing	wire	(Fig.	4).		A	computer-controlled	system	of	
power	supplies	was	used	to	send	current	through	a	box	of	coil	wires	surrounding	the	tank	and	
generate	specific	magnetic	fields	inside	the	arena	(Merritt,	Purcell,	&	Stroink,	1983).	
During	experiments,	the	turtle	was	placed	in	a	small,	nylon-Lycra	harness	and	tethered	
with	fishing	line	to	a	rotatable	lever	arm	in	the	center	of	the	tank	(Fig.	4).	The	rotatable	arm	
shifted	direction	as	the	turtle	moved	about	the	tank	during	the	trials.	The	position	of	the	arm	
was	transmitted	by	a	digital	encoder	to	the	computer	to	track	the	turtle’s	direction	throughout	
the	trial.	In	addition,	as	the	turtle	swam,	the	computer	program	altered	the	magnetic	field	
around	the	turtle	as	if	the	turtle	were	swimming	in	the	actual	ocean	in	the	same	direction.	
Thus,	for	example,	southward	swimming	caused	generation	of	a	field	from	further	south,	while	
eastward	swimming	would	cause	generation	of	a	field	from	further	east.	The	field	generated	
matched	specific	inclination	and	intensity	for	oceanic	locations	taken	from	the	International	
Geomagnetic	Reference	Field	model	(Jankowski	&	Sucksdorff,	1996).	Thus,	the	turtle	would	be	
swimming	in	a	virtual	reality	based	on	real	geomagnetism.	It	should	be	noted,	however,	that	
the	change	in	magnetic	field	was	very	rapid,	and	was	set	to	reflect	unrealistic	swimming	speeds	
in	an	attempt	to	produce	a	stimulus	that	the	turtles	would	notice	in	a	laboratory	setting	during	
short	trials.	
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Figure	3.	This	is	a	diagram	of	the	experimental	set-up.	It	shows	the	computer	control	and	monitoring	system,	the	
aquatic	arena,	and	the	surrounding	coil	system.	
	
Protocol:	Each	turtle	was	tested	individually	and	according	to	the	same	protocol,	but	never	
twice	in	the	same	day.	Testing	occurred	each	day	between	the	hours	of	9:00am	and	4:00pm.	All	
electronic	equipment	was	calibrated	and	the	power	supplies	for	the	magnetic	field	simulator	
were	turned	on	by	the	experimenter.	The	water	temperature	was	tested	to	ensure	that	it	was	
adequate.	All	external	stimuli	(lights,	air	currents,	electronic	devices)	were	negated	to	the	best	
of	our	abilities.	The	synthetic	magnetic	field	was	set	using	the	computer	based	on	the	latitude	
and	longitude	of	one	of	three	specific	locations	in	the	North	Atlantic	Gyre	(Barbados,	North	East	
Gyre	[right	off	the	coast	of	Portugal],	or	Topsail).	
	 The	turtle	was	then	selected	from	the	housing	facility	one	floor	below,	placed	in	a	
covered	plastic	container	with	holes,	and	transported	to	the	experimental	room.	The	turtle	was	
harnessed	and	the	overhead	lights	are	turned	off.	It	was	given	five	minutes	to	adjust	to	the	feel	
of	the	harness	and	the	new	magnetic	field	in	the	arena.	If	the	turtle	was	clearly	uncomfortable	
with	the	harness	(struggling	to	remove	it	by	biting	or	scratching),	it	was	repositioned	or	a	new	
size	was	used.	Another	five	minutes	are	given	for	readjustment.		
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After	the	adjustment	period,	a	trial	was	started	with	the	magnetic	field	changing	at	
2,000	miles	per	hour	(2K).	‘Caretta’,	a	custom	computer	software,	tracked	the	position	and	
movement	of	the	turtle	using	the	position	of	the	magnetic	arm,	which	shifted	as	the	turtle	
swam	around	the	tank.	‘Caretta’	was	also	able	to	change	the	magnetic	field	inside	of	the	arena	
in	real-time	according	to	the	direction	the	turtle	was	swimming.	The	experimenters	took	
handwritten	notes	about	the	turtle’s	observable	behavior	during	the	trial.	After	fifteen	minutes	
of	changing	electromagnetic	field,	the	2K	trial	ended	and	the	experimenter	decided	whether	
the	data	is	useable	based	on	if	the	turtle	swam	the	entire	time	(power	stroking),	treaded	water	
(paddling),	or	tucked	their	front	flippers	and	only	kicked	their	back	flippers	(tucking	and	rear	
flipper	kicking).	If	the	turtle	tucked	for	too	long	during	the	fifteen-minute	trial	(usually	3	
minutes	or	more),	the	trial	was	aborted.	The	turtle	was	taken	back	to	its	housing	tank,	and	a	
new	individual	was	brought	up.	However,	if	successful,	the	ending	latitude	and	longitude	were	
recorded	in	Excel.	The	overhead	lights	were	turned	on	for	two	to	three	minutes	while	the	
experimenter	reset	the	location	to	one	of	three	of	the	initial	starting	points	of	the	experiment.	
The	lights	were	turned	off	and	the	turtle	was	given	two	or	three	minutes	to	readjust	to	the	
dark.	The	experiment	was	run	again,	but	this	time	with	the	location	changing	at	a	speed	of	
10,000	miles	per	hour	(10K).	The	data	from	this	10K	trial,	if	successful,	was	recorded	for	
analysis.	The	use	of	a	moving	magnetic	field	was	motivated	in	part	by	earlier	evidence	
suggesting	that	turtles	are	more	motivated	to	attend	to	a	moving	field	rather	than	a	static	one;	
we	thus	hoped	to	maximize	the	chances	to	eliciting	magnetic	orientation	(Johnsen	&	Lohmann,	
2005;	K.	Lohmann	&	Lohmann,	1996).	
	
Analysis:	Each	trial	had	a	starting	location	and	an	ending	location	with	a	specific	recorded	
latitude	and	longitude.	Using	these	two	locations,	a	bearing	vector	was	calculated	using	a	script	
from	www.moveabletype.co.uk.	for	each	successful	trial.	Only	data	from	the	10K	trials	was	
analyzed.	The	2K	trials	served	as	adaptation	periods	for	the	turtles	to	acclimate	to	a	changing	
magnetic	field.	All	trials	and	bearings	were	analyzed	using	the	computer	program	‘Oriana’,	
which	uses	circular	data	statistics	for	vector	and	orientation	analysis.	Data	was	collected	for	
first,	second,	and	third	trials	(Kovach,	1993).	Generally,	turtles	were	able	to	run	a	first	and	
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second	trial	at	each	of	the	three	locations.	However,	many	turtles	were	unable	to	run	a	third	
trial	due	to	time	constraints.	Analysis	yielded	a	mean	angle	from	the	combined	individual	turtle	
trials.	A	Rayleigh	r-value	for	each	distribution	was	also	calculated	in	order	to	ensure	the	
determination	of	a	95%	confidence	interval.	
	
Activity	Experiment:	
Set-Up:	Again,	the	custom-built	magnetic	coil	system	was	used	to	create	a	dynamic	virtual	
magnetic	environment	which	altered	the	magnetic	field	as	if	the	turtle	were	swimming	in	the	
specified	direction	at	a	specific	location	in	the	open	ocean.	The	coil	system	was	similar	to	the	
one	used	in	the	orientation	experiments	(Fuxjager	et	al.,	2011;	Kenneth	J	Lohmann,	1991;	
Merritt	et	al.,	1983).	However,	in	this	arena,	the	turtle	was	secured	in	a	nylon	harness	and	
attached	to	a	stationary	arm	instead	of	a	rotatable	one.	Furthermore,	two	GoPro	cameras	were	
positioned	at	the	top	of	the	coil	system	to	record	the	trial	so	that	activity	levels	could	be	
assessed	via	time-lapse	at	a	later	time.	
	
Protocol:	The	starting	magnetic	field	of	the	arena	was	set	to	imitate	the	magnetic	field	expected	
offshore	of	Topsail	Island	(latitude	34°,	longitude	-75°).	Turtles	were	harnessed	and	placed	in	
the	experimental	tank	with	all	external	lights	turned	off.	They	were	given	a	five-minute	
acclimation	period	in	which	they	adjusted	to	the	harness	and	the	lighting	conditions.	After	
these	initial	five	minutes,	turtles	experienced	a	five-minute	pretreatment	period	(Fig.	4).	During	
this	period,	the	magnetic	field	remained	static.	This	period	was	used	to	determine	“baseline”	
turtle	activity	in	a	static	magnetic	field.	Then,	either	a	control	or	experimental	trial	was	started,	
and	activity	was	recorded	for	five	more	minutes.	During	the	control	trials,	the	turtle	
experienced	a	static	magnetic	field	(i.e.,	as	if	it	was	moving	at	0	miles	per	hour).	During	the	
experimental	trials,	the	turtle	experienced	a	changing	magnetic	field	as	if	it	was	moving	in	one	
of	two	directions	away	from	the	starting	location	(45°	or	225°)	at	a	fast	pace	(10,000	miles	per	
hour).	The	direction	bearing	(45°	or	225°)	was	pre-set	depending	on	the	treatment	by	
manipulating	the	digital	encoder	before	the	trial	began.	Fifteen	turtles	were	used	for	each	of	
the	three	treatments,	and	the	order	of	the	trials	was	random	for	each	turtle.		
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At	a	later	date,	all	videos	were	analyzed	frame-by-frame.	Power	strokes,	or	strong	
flipper	strokes	meant	to	propel	the	turtle	forward	during	swimming,	were	counted	to	
determine	activity.	For	each	trial,	the	first	five	minutes	during	which	the	turtle	was	becoming	
acclimated	were	not	reviewed.	The	next	five-minute	pretreatment	periods	were	reviewed	and	
the	number	of	power	strokes	was	recorded	for	each	minute.	An	average	number	of	power	
strokes	per	minute	for	the	pretreatment	period	was	determined	from	this.	During	the	final	five	
minutes	of	each	trial,	the	turtle	experienced	the	control	or	one	of	the	two	experimental	
conditions	(Fig.	4).	Again,	power	strokes	were	counted	and	recorded	for	each	minute	and	an	
average	was	determined.		
	
	
Figure	4.	This	flow-chart	demonstrates	the	timeline	of	the	experimental	protocol.	It	is	broken	up	into	three,	five-
minute	sections:	the	adjustment	period,	the	pretreatment	period,	and	the	treatment	period.	
	
	
	
Analysis:	For	each	treatment	condition	(control,	45°,	or	225°),	the	ratio	of	average	activity	
during	the	trial	to	the	average	baseline	activity	during	pretreatment	in	strokes	per	minute	was	
calculated.	Shapiro-Wilk	tests	of	normality	indicated	that	ratio	data	were	normally	distributed	
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in	each	of	the	treatments.	A	repeated	measures	analysis	of	variance	(ANOVA)	was	performed	to	
test	for	significant	differences	between	the	mean	ratios	of	the	three	treatments.	Box-plots	were	
used	to	represent	the	median,	upper/lower	quartiles,	range,	and	outliers	for	the	ratio	of	each	
treatment	group.	All	statistical	analyses	were	performed	using	the	statistical	program	R	(R	Core	
Team.	&	R	Development	Core	Team,	2013).		
	
Orientation	Experiment	Results:	
Turtles	were	tested	three	times	under	three	different	magnetic	conditions,	replicating	
locations	near	Topsail,	Barbados,	or	the	Northeastern	Gyre	(a	location	near	Portugal).		Analysis	
of	the	first	trial	for	each	turtle	indicate	that	as	a	group,	turtles	oriented	significantly	towards	the	
Northeast	when	the	starting	location	was	Topsail,	but	were	statistically	indistinguishable	from	
random	with	starting	locations	of	Barbados	or	NE	Gyre.	(Fig.	5,	Trial	1).	Analysis	of	the	second	
trials	demonstrated	no	significant	orientation	at	any	magnetic	location	(Fig	5,	Trial	2).	In	Trial	3,	
turtles	were	significantly	oriented	only	in	the	NE	gyre	trial,	but	samples	sizes	were	low	(Fig.	5,	
Trial	3).			
For	each	turtle,	an	average	from	all	trials	was	calculated	for	each	magnetic	location.		As	a	
group,	turtles	were	highly	significantly	oriented	to	the	NE	at	the	Topsail	location,	the	NW	at	the	
NE	Gyre	location	and	were	statistically	indistinguishable	from	random	at	the	Barbados	location	
(Fig.	5,	Individual	Averages).	
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Figure	5.	For	each	circle	graph,	the	label	above	tells	whether	it	is	the	data	gathered	from	the	first,	second,	or	third	
trial.		The	last	three	circle	graphs	represent	the	average	of	all	the	trials	for	each	turtle	at	each	location.		For	each	
graph,	the	blue	arrows	indicate	a	vector	showing	which	direction	a	turtle	swam	in	that	trial	at	that	location.		The	
solid	line	indicates	the	average	bearing	of	all	of	the	trials.		The	curved	line	on	the	outside	of	the	circle	represents	the	
confidence	interval	(it	is	red	if	the	confidence	interval	is	not	within	95%).		The	X-bar	represents	the	average	bearing	
for	each	location;	the	sample	size,	r,	Z,	and	p	values	are	all	listed	in	the	box	to	the	right	of	each	graph.	
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Activity	Experiment	Results:	
Baseline	activity	of	turtles	was	recorded	before	a	magnetic	field	change	and	compared	to	
treatment	activity	after	a	magnetic	field	change.	Two	different	virtual	reality	conditions	were	
used:	one	where	the	turtle	was	traveling	to	the	NE	(45°)	at	10k	miles	per	hour	and	another	
where	the	turtle	was	traveling	to	the	SW	(225°)	at	the	same	speed.		In	addition,	a	control	with	
no	magnetic	field	change	was	also	performed.	The	ratio	of	mean	control	treatment	activity	to	
mean	baseline	activity	was	0.9762	(SEM	=	0.0691).	For	the	45°	treatment,	the	mean	treatment	
activity	to	mean	baseline	activity	ratio	was	0.8610	(SEM	=	0.1173).	For	the	225°	treatment,	the	
mean	treatment	activity	to	mean	baseline	activity	ratio	was	0.9829	(SEM	=	0.0449).	These	ratios	
were	not	significantly	different	from	one	another	[ANOVA:	F(2,14)	=	0.63,	p	=	0.54;	Fig.	5.]	(R	
Core	Team.	&	R	Development	Core	Team,	2013).	
	
Figure	6.	This	image	represents	the	activity	ratios	determined	in	each	treatment	in	three	box	plots.	The	dark	bar	
inside	of	the	box	represents	the	median,	the	rectangular	box	shows	the	upper	and	lower	quartiles,	the	capped	lines	
extending	from	the	box	show	the	inferred	limits	of	the	nominal	range	of	the	data,	and	any	outliers	are	represented	
by	open	circles.		
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Conclusion	and	Discussion:	
Based	on	prior	research	with	hatchling	turtles	from	Florida,	it	has	begun	to	be	accepted	
that	turtles	emerge	from	their	nests	with	innate	responses	to	specific	geographic	fields	that	
keep	them	within	their	nursery	habitat	(Lohmann	et	al.,	2001).	Grounded	by	these	previous	
findings,	each	location	tested	in	the	orientation	experiment	had	a	predicted	direction	the	
turtles	should	travel,	given	the	starting	magnetic	field.	The	turtles	at	the	Barbados	virtual	
location	were	hypothesized	to	travel	North	and	slightly	East	in	order	to	enter	into	the	gyre.	
Those	released	at	a	magnetic	location	close	to	Europe	at	the	Northeast	gyre	location	were	
hypothesized	to	travel	South.	Those	at	the	Topsail	location	were	hypothesized	to	travel	East	or	
Southeast	(Lohmann	&	Lohmann,	1996;		Lohmann	et	al.,	2001;	Lohmann	et	al.,	2012).		
The	only	set	of	single	trials	that	had	a	vector	orientation	with	95%	confidence	was	the	first	
trial	at	the	Topsail	location.	Turtles	during	this	trial	swam	in	a	mostly	North	but	slightly	East	
direction,	(27.75°)	on	average	(Fig.	5,	Trial	1).	In	the	second	and	third	trials	at	Topsail,	turtles	
swam	with	the	same	mean	angle	but	were	not	significantly	oriented	(Fig.	5,	Trial	2	and	Trial	3).	
The	Barbados	and	North	East	Gyre	trials	resulted	in	data	that	did	not	have	a	confidence	interval	
of	95%.	
While	negative	data	must	be	interpreted	with	caution,	it	is	possible	that	turtles	this	age	
from	North	Carolina	do	not	have	the	same	responses	that	turtles	from	Florida	have,	due	to	a	
plethora	of	reasons.	For	example,	the	lack	of	response	at	the	North	East	Gyre	suggests	the	
possibility	that	NC	turtles	do	not	normally	travel	that	far	East,	and	may	not	have	evolved	
responses	to	this	geomagnetic	location.	Genetic	evidence	also	indicates	that	NC	turtles	are	
underrepresented	at	the	Azores	Islands	compared	to	Florida	turtles,	so	there	is	support	for	the	
idea	that	the	different	responses	mirror	different	nursery	habitats	(Richards	et	al.,	2011).	
Furthermore,	turtles	from	this	experiment	were	taken	from	nests	that	were	protected	from	
predators	on	the	NC	coast	by	wire	cages,	which	could	disrupt	the	development	of	
magnetoreception	abilities	(Irwin	et	al.	2004).	The	same	may	be	true	for	Barbados,	a	location	
that	Florida	turtles	might	reach	at	a	younger	age	than	North	Carolina	turtles.	One	interesting	
trend	to	note	is	that	the	average	vectors	created	with	data	from	each	location	and	for	each	trial	
seem	to	have	a	Northern	bias.		When	all	the	data	were	summed	together,	a	Northern	bias	could	
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not	be	demonstrated	(data	not	shown),	but	the	possibility	and	implication	of	a	slight	bias	
should	be	considered	for	future	experiments.	
In	this	regard,	it	is	interesting	to	note	that	other	experiments	in	the	Lohmann	lab	have	
hinted	at	the	notion	that	juvenile	turtle	response	to	magnetic	fields	may	change	with	age.	At	
the	same	time	that	these	experiments	were	being	performed,	a	fellow	undergraduate	student,	
Kendall	Bagely,	conducted	experiments	on	orientation	comparing	the	vectors	turtles	traveled	in	
from	Topsail	and	Barbados	and	how	these	directions	differ	with	age.		
	
Figure	7.	The	above	circular	representations	show	orientation	vector	findings	for	the	same	turtles	at	the	Topsail	and	
Barbados	locations.	The	first	pair	of	circles	shows	the	average	direction	all	turtles	aged	0-5	months	went	while	the	
second	pair	of	circles	shows	the	direction	these	turtles	went	when	between	the	ages	of	6-to	months.	Top	Left:	
Significant	orientation	at	Topsail	to	the	northeast	(p	=	0.003,	N	=	14,	X_	=	27.75°,	r	=	0.626,	95%	CI:	357.18°-58.53°).	
Top	Right:	No	significant	orientation	at	Barbados	(p	=	0.642,	N	=	16,	X_	=	207.46°,	r	=	0.168).	Bottom	Left:	No	
significant	orientation	at	Topsail	(p	=	0.531,	N	=	7,	X_	=	47.45°,	r	=	0.308).	Bottom	Right:	Barbados	
orientation	is	significant	in	the	northeast	direction	(p	=	0.017,	N	=	9,	X_	=	331.69°,	r	=	0.651,	95%	
CI:	295.102°-8.267°).	Taken	from	unpublished	data	in	the	Lohmann	Lab	performed	by	other	researchers.	
	
The	above	data	demonstrates	how	orientation	in	juvenile	turtles	shifted	with	age,	
possibly	indicating	ontogenetic	behavior.	At	an	older	age,	the	turtles	did	not	have	a	significant	
orientation	vector	at	the	Topsail	location,	whereas	younger	hatchlings	did.	However,	the	
Age:	0-5	m
onths										Age:	6-10	m
onths	
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opposite	was	true	for	the	Barbados	location,	which	showed	that	the	same	turtles	used	in	this	
study	demonstrated	a	strong	orientation	response	at	Barbados	in	the	expected	Northward	
direction	after	they	reached	an	age	of	6	months	(Bagley,	2016).	These	findings	suggest	that	
juvenile	turtles	may	have	differing	responses	to	changes	in	the	magnetic	field	as	they	grow	and	
develop.	
Based	on	anecdotal	observations	during	orientation	trials,	we	also	hypothesized	that	
juvenile	turtles	would	exhibit	higher	levels	of	activity	(more	power	strokes	per	minute)	during	
the	changing	field	period	of	the	experimental	trials	than	during	baseline	activity	of	the	
pretreatment	period.	If	correct,	higher	activity	ratio	means	for	the	experimental	treatments	
than	the	ratio	mean	of	the	control	treatment	would	be	expected.	The	results	from	this	
experiment,	however,	did	not	support	this	hypothesis.	The	mean	ratios	were	not	statistically	
different	from	one	another;	there	was	thus	no	evidence	that	a	changing	magnetic	field	resulted	
in	a	change	in	activity.	Unfortunately,	it	cannot	be	said	with	confidence	that	the	results	gained	
from	these	experiments	support	the	claim	that	Loggerhead	sea	turtles	detect	and	responded	to	
changes	in	the	Earth’s	magnetic	field.	We	were	unable	to	show	that	juvenile	turtles	have	an	
orientation	preference	or	that	they	change	activity	levels	when	exposed	to	a	changing	magnetic	
field.	
The	results	produced	from	these	experiments	are	much	less	convincing	than	those	
produced	from	prior	experiments	(Fuxjager	et	al.,	2011;	K	J	Lohmann	et	al.,	2001;	Kenneth	J.	
Lohmann	et	al.,	2012).	However,	there	are	some	differences	in	experimental	method.	One	
difference	is	the	location	from	which	the	hatchlings	were	gathered.	The	published	papers	made	
use	of	turtles	from	nests	in	Florida,	whereas	these	experiments	used	turtles	hatched	on	North	
Carolina	beaches	(K.	Lohmann	&	Lohmann,	1996;	Kenneth	J.	Lohmann	&	Lohmann,	1994).	This	
could	have	affected	the	results,	and	could	point	to	why	the	Topsail	locations	have	the	highest	
confidence.	Perhaps	the	North	Carolina	turtles	are	more	adapt	to	detecting	the	Earth’s	
magnetic	field	closer	to	where	they	are	nested.	The	turtles	used	in	these	experiments	could	
have	been	disorientated	by	the	Barbados	and	North	East	Gyre	locations	because	they	were	too	
far	from	their	natal	beaches.	Furthermore,	the	published	works	used	larger	sample	sizes	than	
these	experiments	did	(Fuxjager	et	al.,	2011;	K	J	Lohmann	et	al.,	2001;	Kenneth	J.	Lohmann	et	
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al.,	2012).	A	greater	n-value	could	have	yielded	clearer	results.	To	compound	things,	the	
previous	experiments	were	run	in	total	darkness	using	hatchlings	plucked	directly	from	the	
shore,	whereas	these	experiments	were	conducted	in	a	lighted	tank	and	used	individuals	
housed	in	a	DLAM	facility	for	an	extended	period	of	time	(Avens	et	al.,	2003;	K	J	Lohmann	et	al.,	
2001).	All	of	these	variables	could	have	affected	the	difference	in	actual	and	expected	results.	
Overall,	it	was	clear,	from	personal	observation,	that	the	comfort	of	the	hatchling	in	the	
harness	was	crucial	to	obtaining	a	trial	in	which	the	turtle	swam	instead	of	just	tucked.	
Additionally,	external	factors	(such	as	feeding	schedule,	time	of	day,	and	handling	during	
physicals)	affected	the	quality	of	the	turtle’s	swimming	and	subsequent	trial.		
The	prevailing	theory	about	certain	migration	capabilities	in	animals	is	heavily	invested	
in	the	notion	of	magnetic	field	detection	(Lohmann	&	Lohmann,	1994).	The	types	of	
experiments	and	data	collection	carried	out	this	semester	within	the	Lohmann	lab	could	help	
shed	light	on	some	of	the	underlying	principles	of	magnetoreception	in	many	different	
organisms.	Additionally,	any	information	gathered	on	the	endangered	Loggerhead	sea	turtle	is	
beneficial	to	further	understanding	and	protecting	the	species.	Developing	an	experiment	that	
showed	a	statistically	significant	response	to	a	changing	magnetic	field	could	serve	as	an	
essential	assay	to	future	magnetoreception	experiments.	It	could	provide	quantitative	data	
demonstrating	that	sea	turtles	and	other	migratory	animals	have	an	activity	response	to	a	
changing	field	would	shed	light	on	the	evolutionary	history	of	magnetoreception.	
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